Counterflow flames provide an ideal platform for understanding the flame structure and as a model to study the effect of physical and chemical perturbations on the flame structure. This article reviews the advances made in the understanding of combustion dynamics and chemistry through experimental and numerical studies in counterflow non-premixed and partially premixed flames. Key contributions on fundamental aspects such as extinction, ignition and effect of perturbations on the stability of diffusion flames are first summarized and analysed. The review then focuses on the progress made in the understanding of the effect of inert particles and flame suppressants on the flame characteristics. A review of detailed studies on edge flames facilitates further understanding of local quenching and re-ignition phenomena in highly turbulent flames. The influence of radiation model and unsteady flow-conditions on the flame kinetics and dynamics along with work on NO x kinetics has been discussed. The review also outlines that specific experiments need to be carried out over a wide range of conditions for further understanding and validation of numerical models.
Introduction
Counterflow diffusion flames have been of great interest because they provide a suitable method to study in detail the structure of pure diffusion flames to estimate the overall reaction rate for fuel-oxidant combinations and to examine the effectiveness of flame inhibitors. Such flames have also been used to understand the interactions between fluid mixing processes and chemical kinetics, which is essential in making reliable calculations of flame structure and pollutant formation. Laminar counterflow diffusion flame studies have gained added importance because turbulent diffusion flame structure can often be described as an ensemble of stretched laminar flames. [1] [2] [3] [4] A review article on counterflow diffusion flames was published over 30 years ago by Tsuji. 5 Since there has been an enormous addition to the literature in these three decades, the need for an updated review forms the motivation for the present work. Some reviews on the progress in turbulent diffusion flames have been published earlier.
The review article by Bilger 6 on turbulent diffusion flames focuses on the turbulence-chemistry interaction. The phenomena of turbulence-chemistry interaction and its effect on the flame structure is a multi-level problem and hence the review article systematically goes through the basics and progress made in the understanding of mixture fraction, fast and finite-rate reaction kinetics, mathematical modelling technique, turbulent transport and mixing. Once an understanding of the fundamentals is gained, the review article discusses their combined effect on the detailed flame structure. Spalding 7 published a review article specifically focusing on numerical modelling of turbulent diffusion flames and confined premixed flames. This article reviews the primitive models used for predicting diffusion and premixed flames exclusively, and their limitations in representing practical combustors, which comprise of both types of flames. The above two articles focused on the development of fundamental understanding and theoretical aspects related to turbulent diffusion flames. A very recent review article by Linan et al. 8 uses a jet diffusion flame configuration to provide an overview of the structure of diffusion flame and various phenomena such as flame anchoring and tripleflames. The current work on the other hand reviews the experimental and computational studies carried out specifically in counterflow diffusion and partially premixed flames over the past few decades and covers a much wider scope of applications of such flames. The overlap between the two articles is limited to a very small section in Linan's article on the strain-induced extinction in flat counterflow diffusion flames. Additionally, we provide a detailed review of the work carried out on studying effect of various modes of perturbations such as vortex from air and/or fuel side, non-uniform and unsteady velocity boundary conditions, which is unique to this article. In summary, the discussions on various aspects of counterflow diffusion and partially premixed flames form a major part of our review article and go well beyond the scope of the previous articles. This article is organized as follows. The article begins by classifying various types of counterflow flames and discusses briefly about their applications and advantages. An overview of the flame structure of counterflow diffusion flames has been provided followed by various modelling approaches developed for simulating such flames. Next, the article reviews in detail the studies carried out in counterflow diffusion and partially premixed flames with respect to flame vortex interaction, flame extinction, ignition characteristics, effect of addition of inert particles, flame suppressants, flame perturbations and studies in edge flames. A separate discussion of studies on NO x kinetics has also been presented. The article finally concludes by summarizing areas and topics where future work needs to be done.
Counterflow flames
Counterflow flames can produce a pure diffusion flame in which opposed jets of fuel and oxidizer impinge on one another. Counterflow flame configuration presents an ideal scenario for studying chemical structure, chemical kinetics, effects of diluents and strain rates in pure diffusion flames. Counterflow flame configuration can be broadly classified into four categories: (i) circular flat flames established between two opposed jets issuing out of circular tubes (Type I), (ii) flat flames established between two opposed matrix burners (Type II), (iii) diffusion flame established in forward stagnation region of a spherical or hemispherical porous burner (Type III) and (iv) diffusion flame established in the forward stagnation region of a cylindrical porous burner (Type IV). Schematics of these four configurations have been shown in Figure 1 . Type I and Type II counterflow burners are the most widely used configuration for experimental and numerical studies. The Type I burner comprises of two long coaxial cylindrical nozzles without any provision of flow settling chamber or units near the exit. This leads to fully developed parabolic velocity profile at the exit. Whereas the exit velocity profile of jets from Type II burner is uniform and unidirectional due to the flow settling matrix and flow straighteners. Type II burner produces more stable and laminar flames for a wider range of flow rates when compared to Type I burner. In Type III and Type IV burners, fuel flows out radially form the spherical surface and curved surface of the cylinder, respectively. A free stream of air flows across the sphere or cylinder and forms a stagnation layer with the fuel jet on the front face while mixing with the fuel jet in the wake. Some of the major advantages of the first two types of burners are symmetric configurations and the ability to attain premixed as well as non-premixed combustion. Moreover, the flames being away from any walls or surfaces in the first two configuration minimizes uncertainties by eliminating heat loss to the walls. The ease of carrying out species, flow-field and temperature measurements using intrusive and non-intrusive techniques is more in the former two configurations because of absence of any physical boundary near the reaction zone and the thermal mixing layer. The first two types of flames have been used extensively to study the overall reaction rate for various combinations of fuel/ oxidizer, as well as the detailed structure and reaction mechanism of various laminar diffusion flames. Counterflow flames are usually flow-stabilized and, hence, instability due to buoyancy effects is negligible. The flames being stabilized away from any bluff body or surfaces completely eliminates the issue of heat loss from the reaction zone to them. This is a major advantage of the counterflow flames over burner stabilized or freely propagating premixed flames where heat loss to the walls is non-negligible. Strain conditions of the flame could be conveniently varied in these flames by monitoring the flow rates or the gap between the nozzles. Studies on strain rates have been discussed extensively in later sections. Another major advantage of counterflow flames is the ability to produce a pure diffusion flame without the formation of any pilot flame as observed in jet diffusion flames. Thus, counterflow flames provide an ideal scenario for studying physical and chemical characteristics of combustion at a laboratory scales.
Flame structure and velocity profiles
The flat counterflow diffusion flame (Type II Flame) is especially suitable for optical and spectroscopic investigations of the diffusion flames. One of the earliest works by Pandya and Weinberg in 1963 used optical methods such as interferometry and deflection mapping in ethylene-air counterflow diffusion flames. 9 Techniques like sodium line reversal, illuminated particle tracking and gas chromatography were used to study flow patterns, refractive index fields, temperature distributions and gas compositions. It was observed that the zone of heat release is about 10 times wider than that of an equivalent premixed flame, thus making diffusion flames applicable to the study of faster flame reactions. This work was followed by studies on the thermal structure of ethylene, methane and carbon monoxide flames by Patel and Chu, 10 the absorption spectrum of an ethylene flame by Laud and Gaydon 11 and the thermo-aerodynamic structure of ethanol flames by Pandya and Srivastava. 12, 13 The latter employed interferometry and particle-tracking techniques and revealed that the luminous ethanol-air flame was accompanied by endothermic zones on both the fuel and oxidizer sides.
The laminar counterflow diffusion flame established in the forward stagnation region of a porous cylinder (Type IV Flame) has also been extensively used for studying the flame structure of gaseous fuels. [14] [15] [16] As the fuel-ejection velocity is decreased or the air-stream velocity is increased, the flame approaches the cylindrical surface and eventually becomes detached from the stagnation region and converted into a so-called wake flame. This flame is especially suited for studying flame-extinction phenomena because the flame extinction limit can be observed with good reproducibility, and the physical meaning of the extinction parameter is quite clear. The extinction parameter in counterflow flames is usually represented by the extinction strain rate/stretch rate. Varying the strain rate parameter controls the flow residence time of the reactants in the high temperature reaction zone. At high strain rates or nearextinction strain rates, the residence time scales become comparable to the reaction time-scales and an increase beyond the extinction limit results in the extinguishment of the flame. A detailed review of the work carried out in the field of extinction of counterflow diffusion flames is presented later in Section 3.2. The structure of this hydrocarbon-air diffusion flame was investigated by Tsuji and Yamaoka 17 and Abdel-Khalik et al. 18 independently. The measured velocity was found to decrease monotonously on approaching the flame zone, wherein the increase in temperature caused the gas to expand accordingly. The velocity reached its maximum near the fuel side of the luminous flame zone and decreased rapidly towards the stagnation point. Figure 2 shows a typical velocity profile in a counterflow diffusion flame (Type II). Discussions on characterizing the flow-field and flame using strain rate and velocity boundary conditions are carried out in Section 2.3.
Temperature and species profiles
In this section, a brief overview of the typical temperature profile and species concentration profiles for a counterflow diffusion flame is provided. Type II flames have been chosen both for experimental and numerical investigation of temperature and species profiles. Figure 3 (a) and (b) shows temperature profile and concentration profiles, respectively, of stable species in methane-air diffusion flame at a local strain rate of 494 s À1 . 19 As the reaction zone is approached from the fuel inlet side, the local temperature begins to rise after entering the thermal mixing layer and reaches a peak value approximately at the zone of maximum heat release rate (HRR max ). Beyond the zone of HRR max , the temperature progressively decreases and eventually attains the ambient temperature as the oxidizer inlet side is approached. The thermal mixing layer thickness depends primarily on the local heat released, mass-diffusivity and the thermal-diffusivity near the reaction zone. The difference in the slopes of the linear profiles on either side of the peak temperature is attributed to the difference in local flow-fields present on the respective sides of the flame as seen in Figure 2 . In Figure 3 (a), the counterflow diffusion flame is shown to be located on the right side of the stagnation plane. The bulk flow field directed from right to left would tend to suppress the thermal mixing layer on the oxidizer side of the flame, however would support the stretching of the mixing layer on the fuel-side of the flame. Additionally, the gradient of the temperature profile also depends on the fuel and oxidizer's species diffusivity and thermal diffusivity. The thickness of the temperature profile provides an approximate flame thickness. The concentration of fuel and oxidizer is observed to gradually decrease as they enter the reaction zone and a peak in the concentration of products is observed within the reaction zone. The peak concentrations of radicals like H, OH and O are observed to be located slightly towards the oxidizer side of the peak 
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. The numerical simulation was carried out using OPPDIF code.
flame temperature position. The temperature profiles and species concentration profiles have been observed, verified and reported in many experimental and numerical studies. Different techniques such as probe measurements, optical spectrometry, fluorescence, CARS (Coherent Anti-Stokes Raman Spectroscopy), Rayleigh thermometry, etc., have been used to measure species and temperature in such flames. A detailed review on the advances and challenges in conducting laminar flat flame experiments was recently published by Egolfopouos et al., 20 which also discusses various experimental uncertainties and their potential impact on combustion chemistry. Along with experimental advances, numerical modelling of counterflow diffusion flames has also been conducted and various approaches were developed in order to represent the experiments as accurately as possible. These approaches are discussed in the next section.
Modelling approach: Plug flow and potential flow
In 1984, Dixon-Lewis et al. 21 conducted the first significant numerical investigation of the counterflow diffusion flame issuing from two cylindrical tubes. A similarity solution was used in order to transform the three-dimensional domain into a one-dimensional domain in space. The one-dimensional nature of the problem makes it computationally very economical to carry out numerical simulations. The structure and extinction limits of methane-air counterflow diffusion flame were then modelled with complex chemistry and a detailed formulation of transport fluxes. The analysis used boundary layer equations and imposed a potential flow from a point-source placed infinitely far from the stagnation plane. Radial and tangential velocities were calculated in terms of velocity gradient in the potential flow. Although the model predicted major structural features of the flow reasonably well, there were shortcomings in predicting properties of the overall system. To match the experimental results of Tsuji and Yamaoka, 22 Dixon-Lewis et al. 21 found it necessary to modify the measured velocity gradient of 100 s
À1
for the cold flow to near 130 s À1 in the flame region. The strain field was characterized by a single parameter, potential flow velocity gradient, and the analysis was applied to a semi-infinite domain in the above approach. Kee et al. 23 developed a novel method of analysis considering a finite domain and not characterizing the strain field by a single parameter. The radial pressure gradient was computed in this approach unlike being simply imposed as done previously. This approach allows specifying the inlet velocity conditions directly instead of the potential-flow velocity gradient. A better agreement with extinction measurements was observed using the latter formulation when compared to the potential flow approach. 23 The potential flow approach derives the components of velocity and pressure gradient from the point-source solution characterized by the single strain rate hence does not have any length scale in the problem. However, the more general formulation by Kee et al. 23 considers a finite nozzle separation distance, and the flame stretch is derived from the solutions by computing a velocity gradient or strain rate. Several definitions of the strain rate have been proposed and used in the literature. To characterize the strain rate in the absence of local velocity measurements, Puri and Seshadri 24 derived an expression given below as equation (1), based on assuming a large Reynolds number and a thin mixing layer. However, laser-Doppler velocimetry (LDV) measurements showed that this expression could over-predict the strain rate by a factor of two. 25 Kee et al. 23 and Chelliah et al. 25 defined an effective strain rate as the maximum value of the oxidizer-side velocity gradient prior to the flame. Quite often, it is convenient to use a global strain rate parameter which is directly indicative of the fuel/air nozzle exit velocity rather than a local strain rate, which is a nonlinear function of the velocity and density of the fuel/air streams. Magre et al. 26 defined global strain rate as the sum of the fuel and oxidizer nozzle exit velocities divided by the nozzle separation distance.
Figure 4 provided below compares the typical axial velocity profile along the centre-line for plug flow and potential flow boundary conditions. As observed, the velocity gradient for the plug flow conditions is zero at the nozzle exit, whereas a constant non-zero velocity gradient exists at the nozzle exit up to the thermal mixing layer for the potential flow condition. In the plug flow case, the local velocity gradient gradually increases as we move from the nozzle boundary towards the reaction zone. In real scenarios, the flow conditions can usually be an intermediate of the above two cases, where a finite axial velocity gradient is present at the nozzle boundary (potential flow case) and varies along the central axis as the thermal mixing layer is approached (plug flow case). It is evident that using equation (1) for calculating the global strain rates for the plug flow conditions and the intermediate conditions will result in different values of strain rate leading to loss of universality in the characterizing the flame using strain rate. Therefore, in order to replicate the experimental conditions for numerical modelling, proper definition of axial velocity along with the axial gradient of the velocity at the boundary is important. Based on the more general model of Kee et al., 23 Lutz et al. 27 developed the popular OPPDIF code to simulate laminar, steady-state counterflow diffusion, premixed as well as partially premixed flames. The code takes reactants composition, inlet jet velocity and temperatures, working pressure and gap between the nozzle exits as input parameters and finally provides velocity, temperature and species concentrations along the longitudinal axis of symmetry as output.
The above sections discuss the various characteristics of a counterflow diffusion flame such as temperature, velocity and species concentration profiles. Also, an overview of the various counterflow flame configurations and different approaches to the numerical modelling of the flat flame was provided in the previous section. The next section reviews the research carried out in the past couple of decades and reports advances in understanding of extinction, flame perturbations, flame retardants, edge flames and NO x kinetics.
Counterflow diffusion/partially premixed flames applications
The counterflow flame being a suitable configuration to gain fundamental understanding of the flame structures and other characteristics has been used extensively in experimental and numerical investigations over the past decades. Measurements of temperature and species were initially carried out in the flames using intrusive techniques. Owing to thin reaction zones with large thermal and concentration gradients, making accurate measurements using intrusive techniques such as thermocouples or suction probes becomes a challenge. 26, 28 Comparison of measured flame temperature and local species concentrations with numerical simulations showed the importance of using appropriate chemical kinetic mechanism for accurate modelling. Therefore, developing and optimizing robust chemical kinetic mechanisms has been an active area of research over past several decades. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Experiments are carried out in a variety of facilities such as shock tube, rapid compression machine, constant volume chamber, flat-flame burner, counterflow burner to investigate and understand different aspects of chemical kinetic process during combustion. Due to the diverse and extensive amount of work carried out, it is impossible to address all areas in a single report. Therefore, in this review, we focus on the studies carried out in specific areas using counterflow diffusion and partially premixed flames.
It is worth noticing that most of the kinetic mechanism investigations done in counterflow flames have largely focused on the premixed flames using validation targets such as flame speeds and flammability limits. A few studies however have indicated that diffusion flames can present a different scenario for the chemically reacting species especially when preferential diffusion becomes a key factor. Comparison studies by Granata et al. 39 on pollutant formation kinetics showed existence of different mechanisms in diffusion and premixed flames. A recent work by Sahu et al. 40 showed that the chemical kinetic mechanisms optimized using premixed syngas flame experimental results under-predicted extinction limits for syngas diffusion flames with certain H 2 :CO compositions. Sensitivity analyses have shown that the role of species diffusivities can be as significant as that of chemical kinetics for flame properties such as the extinction strain rate, ignition temperature or flame speed. 40, 41 This effect is found to be dominant especially in multi-species fuel mixtures with large differences in species diffusivities. Syngas is one of such fuels, which has tremendous potential as a renewable source of energy for stationary power generation plants. It is primarily a mixture of H 2 and CO where the former has much higher diffusivity and reactivity than the latter. Numerical studies conducted by Park et al. 42 showed that suppression of preferential diffusivities of H and H 2 led to significant differences in the flame temperatures and concentration of key intermediate species in the reaction zone. The effect of differential diffusion becomes more significant when there exists comparable concentrations of such species in the fuel stream. Thus, along with chemical kinetics, it is important to model the transport properties of such species accurately in diffusion-affected flames. It was found that after considering the uncertainties introduced due to modelling diffusivities, significant discrepancies in the measurements and predictions in diffusion flames revealed still existed. 40 This indicates that there is scope for further improvement of the chemical kinetic models, and it is necessary to assess the mechanisms and models optimized using premixed flames before extrapolating and using them for diffusion flames.
Counterflow flames have been implemented to study a wide range of phenomena as mentioned earlier.
The subsequent sections discuss the progress made in some of the key areas namely, flame-vortex interaction, extinction properties, ignition temperature and effect of addition of inert particles using counterflow diffusion and partially premixed flames.
Flame-vortex interaction
Vortices are one of the critical factors affecting extinction phenomena especially in turbulent non-premixed flames. It is a challenging task to track space and time simultaneously for vortices in a fully turbulent flame. Steady-state laminar/turbulent counterflow flames when exposed to pulsed toroidal vortices present an ideal scenario to investigate the interaction between a flame and vortex. They not only provide information about temporal evolution of flame front and structure but also enable studying extinction limits, effects of size, strength of the vortex, etc. Flame-vortex interaction has been extensively studied as it can provide valuable insights into the understanding of extinction and reignition phenomena occurring in turbulent combustion. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Some of the important features of such an interaction are (i) flame wrinkling, (ii) normal strain, (iii) unsteadiness and (iv) flow-chemistry coupling. Experimental and numerical studies of vortex ring interactions in H 2 /air counterflow flames show that the phenomenon could be categorized into eight distinct regimes as represented in Figure 5 shows a typical temporal evolution of the flame front interacting with vortex captured using spontaneous OH emissions. A strong co-relation exists between the temporal evolution of the flame width and the OH species concentrations proving that OH can serve as a good marker for tracking the flame locations. Quantitative measurements of species such as H and OH radical at different positions of vortex show super-equilibrium concentrations. 56 Although this is qualitatively similar to an unperturbed flame, the degree of super-equilibrium of OH is found to be much greater in perturbed flames. Similar super-equilibrium OH concentrations have also been reported for turbulent non-premixed flames by other groups. 57, 58 Super-equilibrium concentrations OH were found to increase with time as opposed to the trend for the H radical, as shown in Figure 9 . The temporal evolution also shows a broader H concentration profile relative to the OH profiles. This is attributed to the higher diffusivity of the H radicals.
Apart from the effects of vortex strength and size, the mode of perturbation also plays a key role in characterizing the flame-vortex interaction. There could be broadly three modes of perturbations: (i) vortex issuing from the fuel-side, (ii) air-side or (iii) from both sides simultaneously. Flames subjected to unsteady strain using modes (i) and (ii) show movement of the flame front in the space, whereas flames subjected to mode (iii) perturbation are spatially locked to their initial position, resulting in a stationary unsteady flame. Similar stationary unsteady flames could also be achieved by simultaneously modulating the air and fuel jet velocities in a sinusoidal pattern. Mode (i) and (ii) perturbations lead to an initial acceleration of the flame front moving along with the vortex head, while eventually attaining a constant velocity and becoming a steady-state travelling flame. The acceleration of the flame front rather than the flame velocity is the crucial factor affecting the extinction process in travelling flames. The chemistry tends to adjust to the flow conditions in the steady or low acceleration flames leading to lower rate of drop in flame temperatures. On the other hand, a rapid acceleration as experienced initially in travelling flames could lead to a significant rapid drop in flame temperature. 59 Flames subjected to vortices from both sides simultaneously exhibit minimal displacement spatially, however show a much faster decrease in flame temperature leading to quenching. The side from which a vortex interacts with a diffusion flame also can affect the quenching conditions. A vortex issuing from the oxidizer side intensifies the reactivity in the flame region by forcing the entrainment of OH radicals into the reaction zone. This leads to increase in key intermediate species concentrations and flame temperatures. The vortex issuing from the air-side thus extinguishes the flame locally at scalar dissipation rates higher than a flame perturbed by fuel-side vortex. Additionally, parameters such as flame-curvature, preferential diffusion effects also affect extinction of such flames. 60 Local extinction of flames at the centre of the stagnation plane leads to the formation of edge flames. Postlocal extinction, the re-ignition or flame recovery process is primarily a competition between the edge-flame propagation and auto-ignition and can be summarized on Reynolds-Damko¨hler number diagrams. 49 Thus, it is quite clear that use of a single extinction parameter such as air-side strain rate may not be sufficient for characterizing all cases of turbulent diffusion flames. Various factors affecting diffusion flames have to be identified and their parametric effects should be studied in cases where flame curvature effect is important. Additives such as NO or H 2 O are found to affect the re-ignition process in such perturbed, locally quenched flames. NO acts as a catalyst in H 2 /air flames promoting the chain-branching reactions over chain terminating reactions producing a small yet additional OH in the reaction zone. The increased OH species enhances the auto-ignition process in the quenched zone thus favouring re-ignition, whereas additives such as water inhibit the process due to their large specific heats and third-body efficiencies promoting chain termination reactions. 61, 62 Most of the studies on flame vortex interactions have been limited to atmospheric pressure conditions and simple H 2 or methane/air flames. However, in actual reactors, the flames would be subjected to adverse pressure conditions as well as to a variety of multi-component fuels. Such operating conditions could lead to significantly different vorticity dynamics, heat and mass transfer, therefore affecting the flame-vortex interactions. Thus, there is a significant scope for further research in this area.
Extinction studies
Extinction strain rate studies provide a good insight to the overall chemical time-scales of the reacting mixture and hence are very useful in studying chemical kinetics. It is considered to be one of the primary validation targets while assessing or developing kinetic mechanisms. Moreover, it also provides valuable information on the stability regimes, with respect to the aerodynamic conditions for a particular fuel and oxidizer.
In a counterflow diffusion flame setup, flame extinction can be achieved by increasing the velocity of the jets, by decreasing the gap between the two opposed nozzles or by varying the reactant composition. The former technique is usually employed owing to its simplicity. Mastorakos et al. 63 studied the extinction characteristics in a turbulent counterflow diffusion flame in which extinction was achieved using all the techniques mentioned earlier. In the regime of turbulent combustion, the chemical time-scale is much less compared to the transport time-scales. This leads to a very thin reaction zone embedded in the turbulent flow field. The Damko¨hler number, Da, signifies the ratio of transport time-scale to the chemical time-scale of the rate limiting reaction and thus is assumed to be large for the flamelet regime. In turbulent diffusion combustion, the limiting time-scale being the diffusion time-scale is represented by the scalar dissipation rate, D . As the strain rate increases, the value of D increases, and when it goes beyond a critical value, D,critical , the O 2 leakage through the reaction zone reaches a limit, which leads to flame extinction. 64 Therefore, the outer mixing layer imposes a local D field thereby significantly affecting the nature of the diffusion flamelet as the latter is always attached to the stoichiometric iso-surface. Initially, for modelling turbulent diffusion flames, a unity Lewis number (Le) was assumed. However, later it was shown that the use of a constant Le could yield accurate results once it is determined using proper transport and diffusion equations for the test case.
Turbulent counterflow partially premixed flames provide a closer approximation to the flow fields and flame characteristics of practical systems. Hence, a number of groups have conducted experimental studies and complementary numerical simulations. Yamaoka and Tsuji [65] [66] [67] conducted pioneering experimental studies of the structure of partially premixed counterflow flames using measurements of the mole fractions of major species. Slight perturbations in the degree of premixedness were observed to result in severe changes in the structure and characteristics of the partially premixed flame. Partially premixed methane-air counterflow flames seemed to abruptly change in character from diffusive to premixed (at a given strain rate) as the equivalence ratio in the fuel jet was lowered from È ¼ 1.5 to È ¼ 1.3. Flames with fuel stream equivalence ratios of È ¼ 1.5 and higher were found to be purely diffusive in character from low strain rates up to the extinction point. At strain rates approaching extinction, even flames with a fuel-stream premixedness of È ¼ 1.3 behaved similar to counterflow diffusion flames, as the fluid dynamic time scales were too short to allow kinetic processes to develop a premixed flame prior to the development of a diffusion flame. 68 It was observed that the total extinction strain rate was constant to within 20% and depended only on the degree of partial premixing of the fuel stream. Partial premixing of the fuel stream results in an increase in the stoichiometric mixture fraction as opposed to partial premixing of both streams where it remains unchanged. 69 This increase in the stoichiometric mixture fraction leads to higher extinction strain rates and hence could be used to aid the stability of non-premixed flames.
Janicka and Dreizler's group have carried out several studies in the partially premixed turbulent opposed jet flames. [70] [71] [72] Kittler et al. 73 demonstrated the feasibility of using 5 kHz OH PLIF to capture the flame kernel evolution and high frequency characteristics in turbulent flames. As observed from OH PLIF images, the extinction of the flame kernel happens by initial disruption flame kernel (represented by the OH distribution), followed by which the flame hole grows consistently. At a later stage, even though mixing of reactants happens in the flame-hole region, it does not reignite due to lack of sufficient amount of local heat to provide the necessary activation energy. This eventually leads to flame extinction. Further studies by Omar et al. 74 showed that large scale eddies played the major role in extinction by convoluting the mixing layer and reaction zone instead of the small wrinkles on the flame. Investigation of the flow field was carried out by Bohm et al. 75 via simultaneous PIV/Particle Tracking Velocimetry (PTV)/OH PLIF measurements in a turbulent counterflow partially premixed flame. Excessive seeding near extinction limits can cause the flame to extinguish prematurely, and in case of very low seeding density in the reaction zone, PIV technique could not be used to obtain proper velocity fields. A technique developed by Bohm et al. 76 combined PIV and PTV techniques to obtain the full velocity field. The cold region was analysed by PIV technique and the reacting flow region was analysed by PTV. Figure  10 shows axial and radial velocity plots measured using the above technique. An overlap of both the fields confirms consistent boundary conditions at the edge of the flame. This proposed technique thus ensures proper characterization of the flow field for turbulent flames nearing extinction both inside and outside the reaction zone. PIV/PTV measurements along with OH PLIF profiles revealed that vortices were observed to be produced very close to the reaction zone where axial strain and dilatation were minimal. Local extinction in the flame was observed due to highly fluctuating flow rates. Nearing extinction turbulent flames show a unique behaviour in terms of Probability Density Function (PDFs) related to the flame curvature. It is observed that the PDFs for near extinction flames exhibit a much narrower Gaussian behaviour centred at zero flame curvature as compared to stable flames. The change in the flame curvature distribution indicates a transition in the combustion regime from conventional corrugated premixed flamelet regime into flameless oxidation. 77 This is an important phenomenon yet to be investigated since it affects the dynamics and stabilization of turbulent flames.
Coppola et al. 78 had proposed a highly turbulent counterflow flame as a useful benchmark of complexity intermediate between laminar flames and practical systems. Recent work by Lindstedt's group 77,79-81 concerns a turbulent opposed jet burner generating turbulence using multi-scale fractal grids instead of the conventional perforated plates, which facilitates higher turbulence intensities at much lower bulk velocities. The perforated plate turbulence generator used by Copolla et al. 78 were found to generate large scale oscillations (<200 Hz) at the stagnation plane, which could significantly affect the flame characteristics. The fractal grid configuration was observed to alleviate such large scale oscillations while generating large turbulence intensities. Optimal configuration of the grids have also been determined to reduce the impact of flow conditions upstream of the turbulence generator on the final flow field, which makes it simpler for defining the boundary conditions for the numerical simulations. The multi-scale turbulence generated can be used for systematic evaluation of the transition from nongradient transport to gradient transport in premixed flames as it reaches extinction. 79 Scaling considerations have suggested turbulent Re conditions of practical combustors such as IC engines and gas turbines could be established in a compact bench-top experiment. This indicates that bench-top experiments of turbulent partially premixed combustion in a counterflow burner can be of huge value to computational modelling and even direct numerical simulations as compared to the traditional jet flame experiments.
Extinction of counterflow flames have also been studied with respect to parameters such as radiation, dilution or dynamic flames. The effect of dilution of the oxidizer stream with hot product gases on the extinction strain rates of turbulent diffusion flames was investigated by Mastorakos et al. 82 It was observed that for dilution of every 0.02 mole fraction of O 2 , the preheat temperature had to be increased by 100 K in order to maintain a similar extinction strain rate. However, beyond a preheat temperature of 1700 K, the flame does not extinguish with increase in strain rate. Laminar flame predictions agree qualitatively with the observed trend of extinction strain rates in the turbulent flames. This was observed to be a promising approach in sustaining stable flames even at extremely high strain rates; however, formation of NO x through the thermal NO route at higher temperatures could play a limiting role. A more detailed discussion on effect of dilution on the flame temperature or kinetics is provided in Section 3.2. As mentioned in the aforementioned factors, the effectiveness of the radiation model implemented in counterflow diffusion flame simulations plays a key role in the prediction of extinction strain rates. The optically thin radiation model uses the Planck's radiation model and does not consider the re-absorption of the radiated heat by various gas species as accounted for in the narrowband radiation model. This results in the prediction of a much narrower and smaller flammability regime when using the optically thin radiation model as compared to the narrowband radiation or the adiabatic model. Figure 11 shows the comparison of the flammability limits prediction using the three models for a laminar CO/O 2 diffusion flame. 83 As observed in Figure 11 , the lower extinction limit predicted using the narrowband model is almost an order lower than that of the optically thin model, whereas the higher extinction limits are in the same order. This disparity is attributed to the dominant role of radiative heat transfer at low stretch rates. At these conditions the flame thickness is large resulting in smaller temperature gradients across the reaction zone. Therefore, conductive heat transfer is lower while radiation dominates the heat loss mechanism. However, at higher strain due to much narrower flame thickness and temperature profiles, the temperature gradients are large leading to its increasing role in heat transfer. The flammability regimes predicted by non-adiabatic flame model expand with an increase in inlet reactant temperatures. Figure 12 shows that a distinct change in the trend can be seen as the isolated feature and frozen branches merge to a double point with the gradual increase in the inlet reactant temperatures. 83 Significant differences in the flammability limits observed in predictions using different radiation models highlight the need for assessing and developing accurate radiation models. A detailed database of gray gas properties was developed by Kim et al. 84 to use a low-resolution Weighted Sum of Gray Gases Radiation Model for counterflow diffusion and partially premixed flames. The results were found to be in good agreement with the predictions from a statistically narrowband model, while the optically thin model slightly overestimated the radiative effects. This is attributed to the absence of self-absorption properties in the optically thin radiation model. 84 Along with radiation model and inlet temperature, the chemical kinetic mechanisms employed in numerical simulations affect the prediction of extinction strain rates. For example, Neimann et al. 85 conducted experimental measurements of global extinction strain rates at pressures up to 20 bar for methane, ethane and ethylene laminar counterflow diffusion flames diluted with nitrogen. Comparisons with predictions revealed revisions to reaction steps containing C-species required to improve predictions at high pressures. Further extinction experiments of CH 4 /CO 2 with enriched O 2 diffusion flames and scaling analyses identified two global parameters determining the extinction strain rates namely, total enthalpy flux and specific chemical kinetics. OH being a key intermediate species in most hydrocarbon or hydrogen flames, the rate of formation of OH is used to represent the chemical kinetics, while the variation of strain rates with temperature of the diffusion flame would represent the total enthalpy term. 86 The rate of formation of reactive intermediate species via chain branching reactions is important to the sustenance of the flame. Presence of additives in the fuel/oxidizer jet can interfere with the chemical kinetics by promoting Figure 11 . Effect of flame stretch on peak flame temperature modelled using adiabatic model, narrowband radiation model and optically thin models for laminar CO/O 2 diffusion flames. Inlet temperature: 300 K. 83 reactions that compete with chain branching and chain initiation reactions such as
87, 88 The advances in understanding the role of additives as flame suppressants are discussed in Section 3.2. An experimental and numerical study by Li et al. 89 on extinction of a branched alkane (iso-cetane) flame and a cyclic hydrocarbon (decalin) flame showed that the former was less resistant to extinction as compared to the latter. The formation of stable intermediate species in iso-cetane flames led to inhibition of overall chemistry thus favouring extinction. The authors also mentioned uncertainties in diffusivities associated with the fuel to be partially responsible for discrepancies between experiments and predictions. A few other studies have also attributed the discrepancies to these uncertainties in stationary flames. 90, 91 Thus, for assessing kinetic mechanisms, the comparison studies with stationary flame measurements must take into account the uncertainties introduced due to species diffusivity.
Sardi et al. and Do et al. 92, 93 independently investigated the superior survival ability of dynamic flames as compared to steady flames at high strain rates. It was observed that the unsteady extinction limit increased with increase in the slope of strain rate with respect to time and decreased with increase in initial strain rate. 93 This is primarily attributed to the unsteady nature of the convective-diffusive mixing layer in response to the unsteady flow-field. The unsteady convective-diffusive mixing in turn affects the instantaneous local scalar dissipation rate that governs the internal flame structure. Thus, mapping the flame characteristics as a function of instantaneous strain rate could lead to misleading inferences. Based on the species equations, an expression for equivalent strain rate has been derived representing the dynamics of the convective-diffusive layer. Equation (2) provided below calculates the equivalent strain rate a 0 a 0,equivalent ðtÞ ¼
where a 0 is the initial strain rate, a(t) and a 0,equivalent (t) represent the instantaneous strain rate and equivalent strain rate of the dynamic flame at time 't'. Figures 13(a) and (b) and 14(a) and (b) represent comparisons of steady and unsteady peak flame temperature and peak OH concentration, respectively. It can be clearly seen that the equivalent strain rate represented the unsteady effect of convective-diffusive layer properly. Unsteady diffusive-reactive layer also contributes to the flame structure. The former effect dominates in the beginning of the velocity change, whereas the latter dominates in regimes nearer to the extinction limits.
In counterflow configuration, the radial component of velocity was observed throughout the flow field when the distance between the nozzles, L, was less than a critical value known as 'Free Floating Limit', L FF . A dependence of the global extinction strain rate on the Figure 12 . Effect of inlet temperatures on flame response curves obtained using optically thin radiation model. 83 L/D ratio, where D is the diameter of the nozzle, was observed unlike local extinction strain rate, which remained almost constant at all ratios by Sarnacki et al. 94 ( Figure 15 ). The global extinction strain rate value approached the local extinction strain rate when L approached L FF . A similar study was carried out by Korusoy and Whitelaw 95 for twin symmetric premixed flames and observed similar results. This change in global strain rate parameter with configuration highlights the need of defining accurate boundary conditions in order to simulate the exact experimental cases. A comprehensive uncertainty analysis was also done by the group to characterize systematic and random uncertainties involved in measuring local extinction strain rates. A very recent study explores the two-dimensional effects in counterflow flames. 96 The study indicates the departure of one-dimensional behaviour of the flame along the centre-line for cases with non-uniform velocity boundary conditions. Extinction measurements were found to be significantly affected by such phenomena, whereas laminar flame speed measurements were rather insensitive. Off-centre ). 93 initiation of extinction in flames subjected to the nonuniform velocity boundary conditions could lead to premature quenching of the central flame. Such phenomena are likely to be observed in flow-fields with very strong gradients in the radial direction around the central axis. The one-dimensional code being incapable of capturing such phenomena can result in predictions with significant deviations from measurements despite using appropriate velocity gradient boundary conditions. Therefore, it is advisable for researchers to use counterflow geometries providing uniform or near uniform velocity profiles about the central axis, when investigating extinction properties. 96, 97 The effect of a co-axial inert guard-flow on negating the premature extinction of the central flame could be an interesting area of further study.
Kim et al. 98 experimentally investigated the laminar counterflow diffusion flame in a confined narrow tube and suggested two modified stretch rates to explain their extinction limits. The flame stretch rates were modified for two cases, one for flat disk flames, K I, and second for hemispherical flames, K II . This has application to small combustors or micro reactors. These stretch rates are defined as follows
where K is stretch rate; d and V represent diameter and velocity of the jets, respectively, and r M represents the fuel-to-air momentum ratio. The subscripts A and F represent air and fuel, respectively. Numerical simulations identified three limits for extinction corresponding to high air extinction, low air extinction and low fuel extinction. The high air extinction limit was observed due to stretch effects while low air and low fuel extinction limits were attributed to thermal effects. Detailed studies at extinction limits revealed a weak dependence of temperature on flame distance due to the presence of recirculation of burned and unburned gases. 99 Numerical investigation of non-premixed combustion at supercritical pressure, done by Lacaze et al., 100 showed that non-idealities at high pressures induced a strong variation in thermodynamic and transport properties. Further computations revealed that the presence of H 2 O did not lend to a saturated mixture even at supercritical pressures and hence concluded two-phase simulations to be not necessary. They incorporated the flamelet approach in the Large Eddy Simulation (LES) model, which then could accurately predict density gradients in the vicinity of the flame. 100 The effect of CO 2 dilution on extinction limits of laminar H 2 /O 2 counterflow diffusion flames were numerically investigated and reported at pressures ranging from 0.01 bar to 5 bar and ambient temperatures of 200 K to 800 K. 101 The CO 2 dilution effects could be characterized in to three types, i.e. chemical effect, radiative effect and dilute effect. Radiative effects were profound at the lower quenching limits while dilute effects were dominant at blow-off limits. The extinction limits were found to decrease with increase in CO 2 dilution but increased with increase in pressure and ambient temperature. Among CO 2 , N 2 and H 2 O as diluents, CO 2 was found to be the most effective in reducing flame temperatures and hence lower the extinction limits in H 2 /CO syngas diffusion flames. 102 The counterflow diffusion flame configuration has also been used in investigating extinction limits of vaporized liquid fuels at atmospheric and sub-atmospheric conditions. Flame strength, i.e. extinction strain rate based on air jet velocity, is considered as a more fundamental and direct parameter to assess scramjet flame-holding potentials than an unstrained laminar burning velocity or blow-off velocity in a Perfectly Stirred reactor. 103 The global extinction strain rate for fuels like methane, ethylene, n-heptane/ methane mixtures and n-heptane/nitrogen mixtures has been observed to increase monotonically with increase in pressure in the sub-atmospheric pressure range. A similar trend was also found for Jet-fuel and its surrogates at sub-atmospheric pressures. Jet-A flames were observed by Dattarajan et al. 104, 105 to extinguish at conditions similar to those for decane/trimethyl benzene blends and hence indicating them to be a recommended surrogate for Jet-A fuel. Seiser et al. of aromatic hydrocarbons in JP-10 leads to the lower rates of formation of smaller hydrocarbons. Numerical studies showed that the 'Milano kinetic mechanism' 107 and San-Diego mechanism 108 satisfactorily predict auto-ignition of both fuels. Although the mechanisms predict extinction strain rates well for decane, they were higher than experimental measurements for JP-10. In a gas turbine, several kinetically limited phenomena such as heat release rates, flame propagation, emissions, flame stability, etc., take place. However, there is a lack of validation data sets or studies that compare real fuel and surrogate mixtures for such fundamental characteristics. A study by Colket et al. 109 reviews and suggests a palette of compounds from which the surrogate fuel could be constructed. The study recommends the generation of benchmark data sets of flame speeds, extinction etc. using facilities such as shock tubes, flow reactors and counterflow chambers. Moreover, a detailed roadmap has been proposed to develop suitable surrogate fuels from the recommended list of compounds.
Ignition temperature studies
Ignition temperature, T ign , is one of the important targets used for validation of kinetic mechanisms in nonpremixed flames. The ignition temperature is the point where the chain branching reactions start to dominate over the chain termination reactions. Therefore, it is one of the key parameters while determining characteristics of a fuel/oxidizer system. In practical combustion, auto-ignition usually takes place in regions with large temperature and species concentration gradients. Thus, a counterflow flame configuration provides an ideal scenario to replicate the conditions in a controlled fashion. The ignition temperature can be experimentally determined in a counterflow burner by two methods. First, maintaining the fuel loading and flow rate constant in the fuel jet, the temperature of the oxidizer jet can be gradually increased till ignition is achieved. Second, maintaining the oxidizer jet temperature constant, and gradually increasing the fuel concentration in the fuel jet by raising the fuel flow rate. Although both techniques have been implemented, the latter technique would provide more accurate and repeatable results since, as the fuel flow rates can be monitored more accurately than the air temperature. Since, the parameter is relevant from a kinetics point of view, many researchers have experimentally and numerically studied it for a wide range of fuels. Early work by Fotache et al. 110 focused on ignition characteristics of H 2 /CO/N 2 confirming the existence of three ignition regimes as shown in Figure 16 and also showed that T ign is insensitive to aerodynamic strain near the second ignition limit. The observations are similar to the trends observed for H 2 /O 2 /N 2 systems. The reason is attributed to the faster kinetics of H þ O 2 , OH þ O and H þ O 2 (þM) , HO 2 (þM) reactions relative to the rate of radical loss from the kernel due to diffusive/convective transport. Even in H 2 /CO/N 2 mixtures with H 2 % as low as 1%, the key reactions affecting [H] remain the same. The role of converting OH to H species in limited H 2 concentration is transferred to CO þ OH , CO 2 þ H instead of OH þ H 2 , H 2 O þ H, thus allowing unhindered progress of the key reactions mentioned above. The transport of species through diffusive or convective transport due to turbulence could however have an impact on the T ign . The level of turbulence has a non-monotonic effect on the ignition temperature. As transitioning into turbulence from laminar flow, the ignition temperature decreases while it increases beyond a certain turbulence level. At low turbulence intensities, the eddies are similar in size to that of the ignition kernel, and thus promoting the mixing of reactants and intermediate species. The enhanced mixing tends to support the HO 2 chain-branching pathways lowering the T ign . But, as the turbulence intensity increases the residence time for the reaction in the suitable thermodynamic environment decreases, thus deterring the slow HO 2 reactions. This leads to increase in T ign even beyond the values for laminar flame conditions. 111 Apart from H 2 /CO mixtures, vast literature exists on the ignition properties of hydrocarbons such as straight-chain . Symbols (experimental results): diamonds -luminosity threshold temperature, circlesignition temperature, square -ignition temperature without H 2 addition. Line-calculated results. 110 alkanes, isomers, aromatic compounds, jet fuels and their surrogates. [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] A comparison of T ign of C1-C8 hydrocarbons indicated three primary factors determining T ign : reactivity of the alkyl radical, diffusivity of the fuel and effect of finite-rate kinetics. 112 For smaller alkanes (ethane to butane), the diffusivity of fuel plays a key role in ignition. With increase in the molecular size, the diffusivity of the fuel decreases leading to an increase in the T ign . This trend is however not observed for larger alkanes (from butane to heptane). It is attributed to the growing role of finite-rate chemistry in formation of key intermediate species. The similarity in the ignition temperatures of methane, iso-butane and isooctane indicates that specific kinetic differences between fuels would have a relatively small effect on T ign as long as they have similar structures. Furthermore, studies on octane/decane isomers and cyclohexane by Liu et al. 116 ,118 and 1,3-butadiene by Zheng et al. 119 showed that T ign was found to be most sensitive to H 2 , CO and small hydrocarbon kinetics indicating the dependence of ignition phenomenon on the general oxidation process rather than specific kinetics. Due to the dominating role of finite rate chemistry coupled with transport process, the T ign for larger hydrocarbons such as n-heptane and isooctane is observed to be dependent on the aerodynamic strain in contrast to the observations made for H 2 /CO/N 2 or H 2 /N 2 systems. The ignition temperature increases with increase in strain rates owing to the reduced residence time of reacting species.
The diffusivity of fuel molecules shows three to four times more sensitivity than any reaction sensitivity towards the T ign . Therefore, despite the key reactions being still mostly similar for larger hydrocarbons and H 2 /CO mixtures, the former shows a dependence on the strain rate while the latter is independent.
Although extensive studies for a number of fuels have identified various factors affecting the T ign , most of the work has been carried out at atmospheric pressures and laminar conditions. Insights into interaction of turbulent flow fields on fuel mixing and their impact on the ignition temperature would be a valuable addition to the understanding, considering the reacting scenarios in practical combustors are usually turbulent with dynamic strain rate conditions. Development of correlations of ignition temperature for turbulent conditions would serve to be useful for the modelling community. Also, ignition characteristics of mixture of various fuels could be an interesting area of research considering the practical applications of such mixtures.
Addition of solid particles
The interaction of spray in a reacting flow has been studied widely; however, there exists limited studies on the interaction of solid particles with reacting flow. This is an active area of interest since solid particles, both inert and reacting, present in the gaseous flows can affect the fundamental ignition characteristics of the flame. The counterflow reactor setup has been considered for study of pulverized coal pyrolysis and combustion owing to the ease in controlling the aerodynamic flow field, fuel loading, etc. Efforts in the area of coal-pyrolysis have led to the development and application of two-phase models in counterflow configuration. 122 Results from numerical investigations indicated the presence of optimal pulverized coal particle size and flow conditions to attain maximum combustion efficiency. 123, 124 A very recent work by Wen et al. 125 explores the application of flamelet model in simulating coal combustion. The flamelet model as described in an earlier section can provide a significant computational advantage over conventional models. One of the major challenges in the implementation of the flamelet model to coal combustion is an appropriate definition of mixing variable. The classical definition of mixture fraction shows a non-monotonic variation along the axial direction from fuel side to the oxidizer side unlike in pure gas-phase cases. This behaviour is due to the mass-transfer of coal from the dispersed phase (solid) into the gas-phase via gasification and char-oxidation. Moreover, the thermo-kinetic properties could not be uniquely defined with respect to mixture fraction. Due to above-mentioned challenges, direct application of the existing flamelet model into coal combustion can lead to significant errors in the predictions. Other factors such as the inter-spacing between the coal particles also affect the properties of the flamelet. Therefore, further work is required in order to introduce new flamelet equations and an appropriate mixing variable to model particulate combustion cases. Well-defined experiments and accurate measurements also need to be carried out for coal combustion in the counterflow configuration in order to validate and optimize various numerical models.
Inert particles are widely used for seeding reacting gaseous flows during Particle Imaging Velocimetry and Laser Doppler Velocimetry measurements. In real scenarios, presence of dust particles or hot particulate matter within reactants or reacting flows could act as a potential safety hazard by triggering undesired ignition. Ignition caused by hot particles can occur by two methods. First, the gas molecules react on the hot particle physical surface and, second, the hot particles supply energy to the surrounding gas molecules raising their temperature sufficiently enough to trigger gasphase ignition. For the first scenario, the gas phase molecules have to spend sufficient amount of residence time on the surface of the particles to allow ignition, i.e. d p /U > t ign , where dp is the hot particle diameter, U is the gas-phase velocity and t ign is the ignition delay for the mixture. Additionally for ignition to happen on the particle surface, the diffusive distance of the gas particles should be smaller than the particle diameter, i.e. d p /(2Dt) 1/2 > 1, where D is the gas diffusivity and t is the residence time. By assuming t to be of the same order as t ign , we obtain the criteria Ud p /D $ Pe >> 1. The other scenario which does not achieve ignition on the particle surface but heats up the bulk mixture is represented by the criterion U.d p /D $ Pe << 1. Under practical conditions, a combination of the two methods trigger ignition, where some hot particles raise the bulk temperature of the surrounding gas-phase (lowering t ign ). This hot gas upon interacting with other hot particles could result in the ignition on their surfaces. Egolfopoulous et al. 126 conducted detailed numerical simulations to investigate bulk ignition properties of laminar premixed and non-premixed methane flames by hot inert particles. Particle ignition of twin premixed flames was observed to increase with decreasing equivalence ratio, which further increased when the mixture was impinged on air jet and on oxygen jet. 126 This indicates that ignition is promoted with increasing O 2 concentration around the hot particles or in the region of ignition kernel formation. Additionally, it was observed that the ignition was promoted by favouring the main branch reaction, H þ O 2 , OH þ O over the chain propagation reaction CH 4 þ H , CH 3 þ H 2 at lower equivalence ratios, which supports the above comment. The non-premixed cases also followed a similar trend. Ignition was found to be always inhibited with increase in fuel concentration for non-premixed particle ignition, which is the opposite trend observed in non-premixed gas-phase ignition (cold fuel -heated air) at very low fuel concentrations. In case of cold fuel/heated air configuration, the ignition kernel is situated near the hot air boundary, which is accessible to the fuel through diffusion. Therefore, upon increasing fuel concentrations, the diffusivity of fuel across the stagnation plane is enhanced supporting ignition. In case of particle ignition, a large difference is observed depending on if particles are injected from fuel side or air side as can be seen in Figures 17 and  18 . This is primarily because the gas phase thermal response is different in both cases, which affects the chemical pathways leading to H radical production. In low Reynolds number studies, particles acted only as heat sources and at high temperatures, ignition was observed to be initiated at surfaces of the particles. 126 Studies at limits of high Pe and low Pe numbers have been carried out; however, cases where several particles Figure 17 . Comparison of fuel-side and air-side seeding on spatial variation of (a) temperature, (b) heat loss per particle and (c) CH 3 O and H mass fraction in CH 4 /N 2 -air non-premixed counterflow flames. 126 U gas : 100 cm/s; U particle : 400 cm/s; T particle : 2000 K.
act as preheater and a single particle ignites the mixture is yet to be studied. Such cases would more closely describe the actual phenomena. This work was followed by a study on effect of addition of inert particles on hot-gas ignition by Andac et al. 127 The presence of inert particles affects the temperature profiles and could also potentially affect the flow field due to momentum exchange between gas and particles under heavy loading conditions. This consequently leads to change in the ignition temperature of the fuel. The particles when seeded on the hot air-side tend to lower the T ign , whereas the T ign is higher when the particles are seeded on the cold fuel side. Hot particles (when seeded on air side) locally heat up the cold fuel-side decreasing the T ign . The particles when seeded on the cold fuel side tend to absorb heat from the hot air-side leading to an increase in ignition temperature. As a result, the effect of inert particles on hot gas ignition depends on of the following factors: (a) amount of particle loading, (b) inlet temperatures, (c) Pe, and (d) the side of injection. Additionally, the effect of strain rates could also be an important factor deciding the overall effect of the particle seeding, since it would directly affect the residence time scales of these particles in hot reaction zone. Thus, a detailed parametric analysis of the hot-particle ignition system provide a better insight and understanding so as to be useful for practical applications.
Flame suppressants
Flame retardants or suppressants are used widely to extinguish natural fires, which are usually diffusive in nature. They are also used as additives by electronics and textile industries in order to reduce the flammability of the products. It is vital to assess the characteristics of the flame retarding agents quantitatively and understand their effects. The laminar counterflow diffusion flame configuration has been the preferred flame to study characteristics and effectiveness of various flame retarding agents as it provides a controlled reacting environment, where conditions such as fuel composition, strain rates, pressure and initial temperatures can be easily specified. The simplicity of the flame structure allows researchers to focus solely on understanding the effectiveness of the flame-suppressants. Studies have shown that the counterflow configuration is superior as compared to cup burners for extinction studies. 128 It is well known that the flame suppressants influence the flame structure and extinction primarily based on three phenomena: dilution, thermal and chemical effects. 129, 130 Introduction of inert species into the reaction zone under similar temperature and pressure conditions as that of the dry cases would lead to the dilution effect causing reduction in the concentration of the fuel and oxygen concentration. This in turn affects the overall reaction rates and hence promotes quenching and extinction of the flame. Thermal effects are more common in case of loading the flame with liquid droplets such as water mist or with agents having higher specific heat such as water vapour, CO 2 . These agents would absorb the heat released from the reaction zone to attain a local thermal equilibrium thereby leading to a drop in the local flame temperature and eventually inhibiting flame sustenance. Flame suppressants such as halons have been found to affect the flame primarily through chemical routes in addition to the thermal effects. One of the most important chain branching reactions in all hydrocarbon/air flames is the consumption of H and O 2 to produce OH and O (H þ O 2 , OH þ O). The halons tend to reduce the radical pool concentration or indulge in radical scavenging by forming relatively unreactive radicals and molecules with key species such as H, OH, etc. The halons also enhance chain-termination reactions by either participating in reactions leading to them or by acting as effective third-body colliders for the chain-terminating reactions. In addition to chemical effects, the halons also enhance flame quenching via thermal effects. A numerical study by Pitts and Williams 131 using Argon a flame suppressant revealed that 41% of the flame suppressing effect is due to the heat extraction property while 51% is due to dilution. The study concluded that information about a well-defined peak flame temperature could be used to approximate the amount of suppressant needed to extinguish the flame. Numerous halogenated compounds such as Chlorofluorocarbon (CFCs) and Hydrochlorofluorocarbon (HCFCs) have been considered for research as fire-retarding agents; however, 126 their use has been limited due to potentially adverse effects on the atmospheric ozone layer.
Besides halons, the influence of water sprays/vapour on counterflow diffusion flames has been studied extensively. [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] Mono-disperse droplets injected into the flame have been shown to reduce the extinction limits for counterflow flames. The trend of extinction limit versus the droplet size follows a non-monotonous trend indicating the presence of an optimum droplet size for maximum suppression effects. The presence of an optimum size of the water droplet for most effective quenching is attributed to the requirement of dynamic equilibrium of the droplets with the counterflow flow field. This would lead to large mass of water droplets near the key O 2 consumption layer, resulting in reduction of local temperatures. In case of larger droplets, the momentum of the droplets would be larger than the gas jet momentum to ensure maximum concentration at the key O 2 consumption layer. Droplets smaller than the optimum size might follow the counterflow flow field, however the mass of water accumulated would be lower due to smaller size. These two competing factors result in the presence of an optimum water droplet size. The non-monotonous trends observed in experiments are in agreement with previously conducted simulations using two-phase models accounting for detailed transport and chemistry. 130, [132] [133] [134] [135] These models were limited to mono-disperse sprays. Recently, an analytical method was proposed by Dvorjetski and Greenberg 136 to investigate the influence the poly-dispersity of the spray. Results showed that the initial droplet size distribution in the spray played a significant role on flame suppression. An initial monodisperse optimum sized water droplets shows superior flame suppression capability than a bimodal distribution of water droplet size with effectively same Sauter Mean Diameter (SMD) as the former case. This concludes that the SMD of a poly-disperse spray might not be the ideal parameter for characterizing the suppression ability. Sasongko et al. 139 reported the effectiveness of different sized water droplets in flame extinction at a fixed strain rate by varying the O 2 mass fraction. The reported trends, which were found to be similar to those in earlier studies, indicated the presence of an optimal droplet diameter that affects flammability limits. For flames under higher strain rates, the optimal diameter was found to shift towards smaller values indicating a dependence on the droplet inertial behaviour and its evaporation time-scales. The extinction condition accounting for water loading and strain rate was found to be characterized using a parameter, Y w. Da, where the mean evaporative diameter, d 31 , is used as the representative diameter instead of SMD. Y w represents the mass-fraction of water. The effect of H 2 O addition on flame-suppression effect was found to be primarily thermal and not chemical in most of the studies. 136, 141 Lazzarini et al. 142 showed that fine water mist is either similar or more effective than Halon 1301 on a mass basis, when used to suppress gaseous fires. It was also reported that addition of NaOH (18% by mass) to water reduced the extinction strain rate by a factor as large as 5. Hammins et al. 143 studied the extinction of non-premixed flames with halogenated fire suppressants and concluded CF 3 Br to be the best inhibitor on a mass basis (Figure 19 ) as well as mole basis. It can be concluded from Figure 19 that for any given strain rate, extinction measured with CF 3 Br would yield larger values of Damko¨hler number when compared to other agents and therefore a larger interference of the agent with flame chemistry. 143 In a subsequent study, organo-phosphorous compounds (OPC) were found to be even more effective than CF 3 Br for methane-nitrogen atmospheric diffusion flames by Shmakov et al. 144 Both fluorinated and non-fluorinated OPCs showed the same effectiveness. Amongst Hydrofluorocarbon (HFCs) and Fluorocarbon (FCs), HFC-23 was found to have superior suppression abilities especially at higher strain rates. 128 Saso et al. 128 studied the suppression effect of HFC-23 in counterflow diffusion flames with n-heptane and ethanol as fuels, which was then reported to be more effective than other HFCs and FCs, especially at higher strain rates. Overall, the flame suppression efficiency of CFCs has been summarized in Figure 20 .
Edge flames
Edge flames constitute an area that has received significant attention of late. These flames deal with the propagation of the flame front along the flame-sheet instead of the direction orthogonal to the flame-sheet. Such flame propagation phenomena are observed in scenarios such as flame propagation on condensed fuel surfaces, flames stabilized using a splitter plate or flame-holes caused by local quenching in turbulent flames. Some of the early investigations of the propagation of edge flames in the mixing layers were carried out by Linan and Crespo. 145 The structure of flame edge depends on the local flow fields and kinetics. [146] [147] [148] Under high Da conditions (i.e. low strain rates), a distinct tribrachial/triple flame is observed at the flame edge that has a positive propagation velocity as shown in Figure 21(a) . The first observations of a triple flame were made by Phillips.
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A triple flame is made of three zones at the flame edge: (a) a rich burning mixture (present on the fuel side of stoichiometric flame), (b) a lean burning mixture (existing on the air side of the stoichiometric flame), (c) diffusion flame (established at the stoichiometric plane between the aforementioned two zones). In Figure 21 (a), a thin stoichiometric diffusion flame can be observed with two premixed burning wings on either side. The angle of the premixed wings with respect to the diffusion flame is governed by the local velocities of the incoming reactants and laminar flame speed of the mixture. As Da is reduced, the strain rate increases leading to a rise in the local velocities, which forces the premixed flame front to maintain an almost perpendicular angle to the stoichiometric diffusion flame and the local flow field. The thickness of the stoichiometric diffusion flame is observed to increase simultaneously as seen in Figure 21 
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(i.e. the premixed flame along with diffusion flame) is seen to reduce slightly as the Da is decreased. With further increase in strain rate beyond a critical value, the triple flame transforms into a single diffusion flame structure and eventually attains a negative propagation velocity. Qualitative OH PLIF measurements carried out in the edge flames by Kionni et al. 148 show significant differences in the OH concentrations between the two zones existing on either sides of the diffusion flame, thereby indicating the variations in the nature of chemical reactions.
Perturbation studies using vortices to effect a local quenching in the centre of counterflow flame also have focused on edge flames. [45] [46] [47] [48] Depending on the nature of edge flame propagation, the edge flame propagation velocities could be either positive, negative or zero depending on the flame environment. A flame propagating into the unburnt mixture has U edge > 0, while a flame retreating into a burning mixture has U edge < 0. Edge flames are idealized two-dimensional structures, which can be studied effectively using the counterflow framework. A review work on edge flames concerned with deflagration and diffusion flame studies was undertaken by Buckmaster. 149 There have been a few studies on edge flames in the past decade. Some of the first experimental studies by Ronney 150 in a slot counterflow burner investigated the effect of strain rate, dilution and heat loss on the propagation speeds of edge flames. The edge flame propagation speeds were found to correlate well with the laminar flame speed and thermal expansion factor for much of the strain rate conditions with a scaling factor close to one. As the Le number of the mixture varied, the edge flame propagation speed was observed to be much higher than the laminar flame speeds at moderate strain rate conditions. The transition of a diffusion flame into a propagating edge flame and vice versa has been identified to play a key role in the event of extinction or reignition. During an extinction process, the transition of diffusion flame to edge flame is observed to occur at a much faster time-scale compared to the full extinction timescale. The maximum heat-release rate shows a nonmonotonic behaviour indicating the non-linear nature of the transition process. Under re-ignition conditions, the diffusion flame transforms into an edge flame, which moves radially outwards to a location with a certain critical Reynolds number. After stationed at the critical Reynolds number position, the edge flame moves back Studies have shown that the displacement velocities of the diffusion edge flames could be considerably greater than the corresponding laminar speeds. [150] [151] [152] This clearly indicates that such edge flames are advected/ convected by the radial velocity flow-field rather than undergoing a typical premixed flame propagation. During the advection of edge flames, the location of HRR max at different Re numbers is found to match well with the location of the steady state flame at the corresponding Re number as shown in Figure 22 . This proves an overall quasi-steady behaviour of the edge flame advection. Simultaneous PIV and OH PLIF images in Figure 23 show the locations of an edge flame at different time intervals after the spark ignition event. The actual values of edge-flame speed are calculated by subtracting the flow-velocity of unburned gases from the observed edge flame displacement speed. The flow-field of unburned gases in the vicinity of the edge flame is significantly affected by thermal expansion due to thermal diffusion as shown by Tran and Cha. 153 Therefore, in order to accurately represent the edge flame propagation speeds, it is essential to measure the non-reacting flow-field close to the edge flames using techniques such as PIV.
Ciani et al. 154 studied the edge flame-diffusion flame transition regimes and observed that the stability regions for diffusion flames and edge flames overlapped under certain flow conditions as seen in Figure 24 . Addition of diluents to the fuel flow resulted in shrinking of the diffusion/edge flames stability map, while maintaining the key features such as transition conditions or overlap regimes consistently. In the overlap domain (or bi-stable regime), a stable diffusion/edge flame is able to switch to the other mode when exposed to a perturbation like mechanical interference or sudden change in velocities. The final mode of the flame does not depend on the rate of change of flow condition but rather depends on the way the flow-field zone reacts to the change. As shown in Figure 25 , 154 when operating in the bi-stable regime, at same flow conditions, two stable locations of the stagnation plane and recirculation bubble exists. High speed imaging and flow velocity measurements during the transition phase would enhance the understanding of this process. Although considerable studies have been done to understand the stability and diffusion-edge flame transitions, further efforts are needed to improve our current understanding of these flames.
NO studies
Among the various pollutant emissions in a combustion process, NOx is one of the major emissions that need regulation due to its detrimental effect on both environment and health. NOx formation is very common since air is the most common oxidizer in all combustion processes and it contains nitrogen in abundance. There are various pathways through which NO formation takes place namely, (1) Thermal NO, (2) Prompt NO, Flame stretch conditions are found to dramatically affect the NOx emissions by influencing peak flame temperatures, super-equilibrium oxygen atom concentration, NO destruction and residence time-scales. 155 In general, NOx emissions are found to decrease significantly with increase in flame stretch. The Zeldovich mechanism of NO formation was found to be dominant in low stretch rate flames, while N 2 O intermediate pathway was dominant at high stretch rates in H 2 /CO/N 2 diffusion flames. This trend of decreasing contribution of Zeldovich mechanism at higher strain rates is closely associated with the drop in peak flame temperature. Thus, increasing the stretch rate is considered as an effective way to reduce NO emissions. Unlike H 2 /CO/ N 2 flames, prompt NO is the dominant pathway for NO formation at all stretch rates for CH 4 /N 2 diffusion flames and the rest of NO is formed nearly equally by Zeldovich and N 2 O mechanisms. Apart from the type of fuel, presence of soot can also affect NO formation significantly. Soot particles tend to increase radiative heat loss from the flame leading to a decrease in the flame temperature and eventually NO formation. 156 Pressure also has a significant effect on the NO formation and it was first numerically studied by Bonturi et al. 157 in methane-air counterflow diffusion flames. At a constant strain rate, [NO] increased uniformly with an increase in pressure and prompt NO was observed to be the major contributor to NO formation followed by thermal NO. The major route for production of NO in methane-enriched oxygen flames is the thermal NO mechanism that occurs near the high temperature region. The prompt-NO mechanism however contributes both positively and negatively to the NO formation in the fuel-rich region. The negative contribution of prompt NO mechanism increases with increasing oxygen content and hence destroying more NO than producing. 158 The increase in thermal NO contribution with increasing O 2 content in the oxidizer is due to the increase in peak flame temperatures. A study by Cheng et al. 159 reported that the peak flame temperatures of methane diffusion flames increased by about 800 K when the oxygen concentration was changed from 23% to 100% in the oxidizer. This huge difference in temperature was also observed to affect NO x kinetics in a significant manner.
Understanding of the NO formation pathways has led many research groups to propose detailed as well as reduced NO kinetic mechanisms for modelling. Comparisons of numerical simulations with Laser Induced Fluorescence (LIF) measurements of NO indicated refinement of reaction rate parameters of certain reactions in chemical kinetic mechanisms in order to improve the agreement. Several researchers have extensively investigated the prompt-NO route in counterflow diffusion flames using hydrocarbons such as methane and ethane. [160] [161] [162] [163] [164] [165] The measurements initially showed a necessity in the improvement of prompt-NO initiation reactions used in GRI 2.11 mechanism especially for predictions below 6 bar. Predictions by GRI 3.0 were found to be in better agreement with the NO measurements at pressures below 8 bar. The linear LIF NO measurements provided by Ravikrishna and Laurendeau 164 are sufficiently quantitative to be used for conducting the quenching corrections for higher pressure NO measurements. The measurements of CH radical along with sensitivity analyses and reaction rate analyses in similar flames by Naik and Laurendeau 165 affirmed the trends of underprediction of prompt-NO formation using the GRI 2.11 mechanism at pressures below 6 bar. The authors also identified and suggested modifications to key reactions involving CH to improve the NO predictions. 166 However, use of CH* chemiluminescence should be avoided for the above purpose since the kinetics of CH* is observed to be significantly different from that of the CH radical. 167 During experiments, with low strain rate flames at moderate-high pressures, buoyant instabilities could lead to discrepancies between species measurements and predictions. 97 Therefore, caution needs to be exercised by researchers while carrying out such sensitive experiments at very low strain rates. Along with methane and ethane studies in counterflow diffusion flames, several groups also conducted studies of NO x kinetics in synthesis gas flames. [168] [169] [170] [171] [172] Understanding kinetics in syngas combustion can be challenging because the composition of this fuel depends heavily on its source of production. Shih et al. 169 conducted numerical simulations for 20:80 and 80:20 H 2 :CO/air syngas diffusion flames and identified thermal NO to be the major NO formation pathways for the latter mixture owing to higher flame temperatures. The N 2 O intermediate pathway is observed to be the key NO formation pathway in low H 2 -syngas flames and at higher pressures. A detailed comprehensive assessment of the existing kinetic mechanisms [173] [174] [175] [176] for H 2 /CO/air oxidation at different pressures was carried out by Sahu and Ravikrishna. 172 In diluted syngas flames where the peak flame temperatures are low, the NNH pathway dominated and the importance of N 2 O pathway increased with pressure. This study highlights the lack of quantitative NO measurements and the need for extensive experimental and numerical investigation to optimize and develop accurate NO x chemistry models for syngas combustion. To address the gap in literature, quantitative NO LIF measurements were carried out and reported 168 along with temperature and OH concentrations. 177 Comparisons of experimental measurements with numerical predictions revealed NNH pathway as the major NO formation pathway and a combination of USC-Mech II 178 along with GRI 2.0 nitrogen chemistry to be the most suitable for modelling syngas flames and NO emissions. Fundamental understanding of NO x formation pathways through experimental measurements at high pressures would further assist researchers in determining ideal conditions needed to minimize NO x emissions.
Investigation of NO emissions and kinetic mechanisms has also been conducted in counterflow partially premixed flames. NO emissions from these partially premixed flames were expected to be of greater magnitude when compared to diffusion flames at the same flame stretch rate due to the presence of a thick high temperature region. However, numerical simulations by Nishioka et al. 179 reported them to be of the same order as that to the pure diffusion flame due to the presence of a negative production rate occurring through a reverse Fenimore mechanism. The NO emission index was independent of equivalence ratio of the mixture; however, it decreased rapidly with increase in flame stretch. Further numerical studies carried out by Li et al. 180 reported prompt NO mechanism to be the dominant NO production pathway for partially premixed flames with water sprays added to the air stream. A more detailed analysis of the flame structure with respect to NO emissions was done in order to identify a dual flame structure, both flame fronts being present on the opposite sides of the stagnation plane. Two distinct spatially separated NO formation zones were found in the reacting layer of the partially premixed flames. One zone was found on the downstream side of peak [CH] location in premixed flame, while the second NO formation zone was found at the peak temperature location near the CO/H 2 /air non-premixed flame front. 181 Quantitative NO LIF measurements when compared with GRI 2.11 mechanism for partially premixed CH 4 /air flames yielded good match between the two. 182 It was observed that the flame temperatures and NO formation depended significantly on the radiative heat losses especially in low equivalence ratio partially premixed flames. 183, 184 Inclusion of an optically thin radiation model by Ravikrishna and Laurendeau 182 further improved the predictions by GRI 2.11 mechanism and were found to fall within 10% of the measurements at peak [NO] locations. A modified rate co-efficient for CH þ N 2 , HCN þ N proposed by Ravikrishna et al. 182 appeared to improve the NO predictions in prompt-NO dominated regions. Further studies by Naik and Laurendeau 185 revealed the prompt-NO pathway is important only at low pressures, while the thermal NO and N 2 O intermediate pathway gain importance at higher pressures in methane/air partially premixed counterflow flames. The effect of fuel on NO x emissions was studied by Aggarwal and Naha 186 in laminar partially premixed and non-premixed flames. A significantly higher amount of NO was observed in case of n-heptane flames when compared to methane flames primarily due to higher production of acetylene via C2 mechanism leading to formation of prompt NO. Thermal NO was found to be dominant in methane flames, whereas prompt NO was observed to be dominant in n-heptane flames. Addition of hydrogen was observed to reduce NO formation in n-heptane flames because of the resultant decrease in C 2 H 2 and CH concentrations. However, not much change in NO concentration was observed in hydrogen-blended methane flames, since the increase in thermal NO was compensated by an equivalent decrease in the prompt NO. Som et al. 187 conducted numerical and experimental investigations on syngas (H 2 /CO) partially premixed flames for various syngas compositions at different pressures. The thermal NO route and reburn route via third body reactions were found to be of significant importance at increased pressures. The reburn routes, NO þ O þ M , NO 2 þ M and H þ NO þ M , HNO þ M, led to the consumption of NO in the flames at higher pressures. Non-monotonic behaviour in NO predictions were observed with increase in CO content in syngas, which might be due to the net effect of both thermal and reburn routes. The above studies indicate that the composition of syngas or any multi-component fuel would play an important factor affecting NO emissions by governing the NO formation pathways and precursors. Further assessment of factors affecting NO formation in partially premixed flames such as equivalence ratio, strain rates, preheat, etc., would enable optimization of the existing mechanisms and improve applicability for simulations in practical combustor geometries.
Summary
The flat counterflow flame has proven to be a very interesting and useful configuration, providing a suitable platform for conducting various types of studies to understand the characteristics of laminar and turbulent flames. The range of experimental and numerical studies on counterflow non-premixed flames conducted over the past three decades has vastly increased and diversified. Development in numerical strategies to model physical phenomena such as mixing, mass and thermal transport has led to more accurate predictions. The present review highlights the work carried out in counterflow diffusion flames to understand flame dynamics and the effects of perturbation on the flames extinction-reignition phenomena. Along with the effects of addition of suppressants and inert particles, the review also briefly discusses the recent advances made in understanding kinetics of pollutant formation such as NO x in diffusion and partially premixed flames. However, there are several areas where further work needs to be done. In this regard, key observations from this review are briefly summarized below:
1. Studies on flame-vortex interactions and unsteady flames lead to better understanding of the extinction and re-ignition phenomenon in turbulent combustion. The effect of vortices on diffusion flames depends heavily not only on the vortex size and strength but also on the mode of perturbation. Presently, a single parameter such as the strain rate is not sufficient to characterize all turbulent flames. Identification of multiple parameters and studying their effects on such flames provides scope for future work.
Comparative studies on flame suppressants such as
FCs and HFCs in n-heptane and ethanol flames identified HFC-23 to be the most effective. Similarly, in methane flames, OPCs were found to be the most effective flame suppressant. Future studies could focus on identifying suppressants and understanding their mechanisms in different gaseous and liquid fuels at different conditions of strain rate and ambient temperatures. 3. The effect of addition of hot inert particles to the flow on ignition has been studied at high Pe and low Pe limits. Studies focusing on moderate Pe would enhance our understanding on their effects in situations similar to practical combustion scenarios. 4. Edge flames are a class of flames that are formed due to local quenching at the centre of the flat flames. The local quenching could be attained either by using vortices or by increasing the strain rates. Stability regimes and effect of unsteady boundary conditions on edge flame extinction were studied. Propagation velocities and transition from diffusion to edge flame and vice versa were also studied using the counterflow flat flame burner. Further studies on edge flames would improve understanding local extinction and re-ignition mechanisms in highly turbulent flames. 5. Experimental and numerical studies have been conducted extensively in methane flames for understanding NO x kinetics under various conditions of pressures and strain-rates. However, large gaps still exist in experimental studies of NO x kinetics in H 2 / CO diffusion flames. The various kinetic mechanisms available in the literature show large differences in NO predictions. NO studies in partially premixed flames revealed the importance of an appropriate radiation model in accurate NO predictions, especially at low strain rates. The H 2 :CO composition was found to be a crucial factor to be considered in order to achieve minimum NO emissions in H 2 / CO flames. Future efforts should focus on generating benchmark data varying equivalence ratio, strain rates and pressure in order to develop and validate optimized NO mechanisms.
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